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Some	recent	reviews:	

	
•  “Exoplanetary	Atmospheres—Chemistry,	Forma6on	
Condi6ons,	and	Habitability”			Madhusudhan+	2016	

•  “Observa6ons	of	Exoplanet	Atmospheres”			Crossfield	2015		



Spectral	Retrievals	

Key	references:	
	
•  Madhusudhan	&	Seager	2009	

•  Benneke	&	Seager	2012,	2013			ß	for	super-Earths	

•  Benneke	2015,	arXiv:1504.07655	
•  Line	et	al.	2013ac,	2014a,	2016	
•  Line	et	al.	2014b,	2015				ß	for	brown	dwarfs	

•  Lee	et	al.	2013;	Todorv	et	al.	2016			ßfor	directly	
imaged	planets	

•  Barstow	et	al.	2013ab	



Why	High	Precision	Spectroscopy?	

Effect	of	the	priors	

Line+	2013a	

“Too	few	data	points	in	
pursuit	of	too	many	
quanVVes”	

Burrows	2014b	



Why	High	Precision	Spectroscopy?	

The	unknown	unknowns	

Saturn	observed	as	a	transi6ng	
exoplanet	with	Cassini	

Dalba+	2015	

?	



Why	High	Precision	Spectroscopy?	

I	mean,	truly	high	precision	data	

Grillmair+	2008	

10	eclipses	
2	eclipses	

Grillmair+	2007	



Fundamental	Themes	for	Exoplanet	

Atmosphere	CharacterizaKon	

Determining	thermal	
structures,	energy	budgets,	
and	dynamics	to	understand	

planetary	physics.	

Measuring	composiVons	to	
trace	planet	formaVon	and	

evoluVon.	

Connected	quesVons	moVvates	holisVc	studies.	



ComparaKve	planetology	in	the	

Solar	System	

Jupiter	 Saturn	

Uranus	 Neptune	

Terrestrial	planets	



ComparaKve	planetology:	Jupiter	and	Saturn	

Banded	appearances	due	to	dynamics	of	atmosphere:	internal	heat	+	fast	
rotaVon.	
	
Source	of	colors	is	likely	complex	molecules	formed	on	cloud	parVcles	
due	to	photochemistry,	but	exact	nature	is	uncertain.	



Thinner	clouds	on	Jupiter	explains	why	it	has	stronger	
contrast	between	zones	and	belts.	

ComparaKve	planetology:	Jupiter	and	Saturn	



Uranus	 Neptune	

Nearly	featureless,	color	due	to	
reflectance	of	methane.	

Faint	banded	structure	(slightly	
faster	rotaVon	and	internal	
heat),	wispy	clouds,	and	Great	
Dark	Spot.	

ComparaKve	planetology:	Uranus	and	Neptune	



Slight	differences	between	Uranus	and	Neptune	due	to	
internal	heat,	distance	from	the	Sun,	and	surface	gravity.	

ComparaKve	planetology:	Uranus	and	Neptune	



Atmospheric	ComposiKon	

•  Giant	planet	atmospheres	are	“primary	atmospheres”.	
	
•  Jupiter	and	Saturn	have	atmospheric	elemental	abundances	very	similar	

to	the	Sun	(dominated	by	H/He,	with	trace	heavier	elements).	

•  The	atmospheres	of	Uranus	and	Neptune	are	also	similar	in	composiVon	
as	the	Sun,	but	with	a	slightly	greater	enhancement	of	metals	
(dominated	by	H/He,	with	significant	CH4	and	trace	heavier	elements).	

	
•  The	abundances	in	all	four	planets’	atmospheres	are	strongly	affected	by	

condensaVon:	
§  Water	in	all	the	planets	is	not	observable	because	it	has	sehled	out	

of	the	upper	atmosphere.	
§  Clouds	dominate	the	appearances	of	the	planets.	
§  Helium	is	deficient	in	Jupiter’s	and	Saturn’s	upper	atmospheres,	

likely	because	it	is	raining	out.	
	

•  Non-equilibrium	effects	(photochemistry,	verVcal	mixing)	are	significant.	



Atreya+,	arXiv:1606.04510	



Terrestrial	Planet	Atmospheres	

“Secondary	atmospheres”	strongly	influenced	by	mass	loss,	
geophysical	and	biological	processes,	etc.	



How	To	Observe	Exoplanet	Atmospheres	

•  Transits/OccultaVons	
	
•  Direct	Imaging	



Transits	and	OccultaKons	



Transits:	Emission	Spectroscopy	

If	reflected	light	dominates:					Fp/Fs	=	AG	(Rp/a)2	
	
(phase	funcVon	=	1	at	secondary	eclipse)	
	
	
If	thermal	emission	dominates:	Fp/Fs	=	(Rp/RS)2	[Bλ(TP)/Bλ(Ts)]	

What	is	measured	is	the	planet-to-star	flux	raVo:	

The	thermal	emission	signal	in	the	infrared	for	a	hot	Jupiter	
around	a	Sun-like	star	(Teq	=	1600K)	is	on	order	of	10-3.	



Transits:	Emission	Spectroscopy	

TheoreVcal	predicVons	for	highly-irradiated	planets	

Fortney	et	al.	2008,	ApJ,	678,	1419	



Transits:	Emission	Spectroscopy	

Ground-based,	short-wavelength,	faint	star	
WASP-19b	

Bean	et	al.	2013,	ApJ,	771,	108	



Transits:	Emission	Spectroscopy	

Space-based,	longer-
wavelength	(3.6	and	4.5	μm),	
bright	star	

Spitzer	Space	Telescope	

HD189733b	

Knutson	et	al.	2012,	ApJ,	754,	22		
Previous	sensiVvity	to	longer	wavelengths,	
but	no	longer.	



Transits:	Emission	Spectroscopy	

Bean	et	al.	2013,	ApJ,	771,	108	



Transits	and	OccultaKons	



Transits:	Transmission	Spectroscopy	

The	key	point	is	that	the	edge	of	the	planet	is	‘fuzzy’	rather	than	sharp	due	to	
the	atmosphere.	
	
Therefore,	the	transit	depth	(apparent	size	of	the	planet)	depends	on	the	
wavelength	of	light.	



Transits:	Transmission	Spectroscopy	

TheoreVcal	predicVons	

Fortney	et	al.	2010,	ApJ,	709,	1396	

T	=	
2500	K	
	
2000	K	
	
1500	K	
	
1000	K	
	
500	K		
	



Transits:	Transmission	Spectroscopy	

Ground-based	data	

GJ1214b	

Bean+	2010c	



Transits:	Transmission	Spectroscopy	

Scale	height:	

Strength	of	features	in	a	transmission	
spectrum	depend	on	the	scale	height	of	
the	atmosphere	and	the	strength	of	the	
absorber.	

Strength	of	features:	

Where	the	proporVonality	factor	
depends	on	the	strength	of	
absorpVon	(e.g.,	a	factor	of	a	few)	
and	the	resoluVon	



Transits:	Transmission	Spectroscopy	

More	precisely:	

Huitson	et	al.	2012,	MNRAS,	422,	2477	
Based	on	Lecavelier	des	Etangs	et	al.	2008,	A&AL,	481,	83			

abundance	of	the	absorbing	
chemical	species	



Transits:	Transmission	Spectroscopy	

Real	data	 TheoreVcal	models	

HD209458b	

Charbonneau	et	al.	2002,	ApJ,	568,	377		



Transits:	Transmission	Spectroscopy	

CondensaVon	

Fortney	et	al.	2008,	ApJ,	683,	1104	Fortney	2005,	MNRAS,	364,	649	



Transits	and	OccultaKons	



Transits:	Phase-Resolved	Emission	

Spectroscopy	

Real	data	

HD189733b	

Knutson	et	al.	2007,	Nature,	447,	183		



Transits:	Phase-Resolved	Emission	

Spectroscopy	



Transits:	Phase-Resolved	Emission	

Spectroscopy	

Showman	et	al.	2009,	ApJ,	699,	564	

TheoreVcal	predicVons	using	a	GCM	



Challenges	

•  CollecVng	enough	photons	
•  Aperture	(slit)	losses	
•  PoinVng	variaVons	+	inter-	and	intra-pixel	sensiVvity	
variaVons	

•  Detector	persistence	
•  Telluric	transparency	variaVons	and	contaminaVon	

•  Limb	darkening	

•  Stellar	acVvity	
•  Mystery	effects	



Astronaut	Andrew	Feustel	
installs	the	Wide	Field	

Camera	3	(May	14,	2009)	



Using	an	instrument	designed	for	faint	galaxies	
to	look	at	bright,	nearby	stars	

spectral	direcVon	

sp
aV

al
	d
ire

cV
on

	

HST+	WFC3	spaVal	scan	

Kreidberg+	2014a	



Berta+	2012	

HST+	WFC3:	staring	mode	



Challenges	

•  CollecVng	enough	photons	
•  Aperture	(slit)	losses	
•  PoinVng	variaVons	+	inter-	and	intra-pixel	sensiVvity	
variaVons	

•  Detector	persistence	
•  Telluric	transparency	variaVons	and	contaminaVon	

•  Limb	darkening	

•  Stellar	acVvity	
•  Mystery	effects	



White	Light	Case	Study	#1:	HAT-P-1b	

how	wide	do	the	slits	have	to	be?	

HAT-P-1	

IdenVcal	
companion	11
�	

6�	slit	



White	Light	Case	Study	#1:	HAT-P-1b	

how	wide	do	the	slits	have	to	be?	

Calar	Alto	3.5m	+	TWIN	

bad	guiding	 differenVal	slit	
losses	



White	Light	Case	Study	#1:	HAT-P-1b	

how	wide	do	the	slits	have	to	be?	

Calar	Alto	3.5m	+	MOSCA	

12�	
slit	 rms	=	330	ppm!	

(includes	spaVal	posiVon	de-
correlaVon)	



White	Light	Case	Study	#2:	GJ1214b	

mul6-object	spectrograph	–	VLT	+	FORS	

5.5�	 12�	slitlets	

spectrum	



White	Light	Case	Study	#2:	GJ1214b	

mul6-object	spectrograph	–	VLT	+	FORS	

Bean+	2010	



Challenges	

•  CollecVng	enough	photons	
•  Aperture	(slit)	losses	
•  PoinVng	variaVons	+	inter-	and	intra-pixel	sensiVvity	
variaVons	

•  Detector	persistence	
•  Telluric	transparency	variaVons	and	contaminaVon	

•  Limb	darkening	

•  Stellar	acVvity	
•  Mystery	effects	



Stevenson+	2012	

Spitzer	+	IRAC	



Challenges	

•  CollecVng	enough	photons	
•  Aperture	(slit)	losses	
•  PoinVng	variaVons	+	inter-	and	intra-pixel	sensiVvity	
variaVons	

•  Detector	persistence	
•  Telluric	transparency	variaVons	and	contaminaVon	

•  Limb	darkening	

•  Stellar	acVvity	
•  Mystery	effects	



HST	+	WFC3	

Kreidberg+	2014a	



Challenges	

•  CollecVng	enough	photons	
•  Aperture	(slit)	losses	
•  PoinVng	variaVons	+	inter-	and	intra-pixel	sensiVvity	
variaVons	

•  Detector	persistence	
•  Telluric	transparency	variaVons	and	contaminaVon	

•  Limb	darkening	

•  Stellar	acVvity	
•  Mystery	effects	



VLT	+	CRIRES	

Brogi+	2012	



Challenges	

•  CollecVng	enough	photons	
•  Aperture	(slit)	losses	
•  PoinVng	variaVons	+	inter-	and	intra-pixel	sensiVvity	
variaVons	

•  Detector	persistence	
•  Telluric	transparency	variaVons	and	contaminaVon	

•  Limb	darkening	

•  Stellar	acVvity	
•  Mystery	effects	



GJ	1214b	with	HST	+	WFC3	

Kreidberg+	2014a	



Challenges	

•  CollecVng	enough	photons	
•  Aperture	(slit)	losses	
•  PoinVng	variaVons	+	inter-	and	intra-pixel	sensiVvity	
variaVons	

•  Detector	persistence	
•  Telluric	transparency	variaVons	and	contaminaVon	

•  Limb	darkening	

•  Stellar	acVvity	
•  Mystery	effects	



Stellar	acVvity	for	HD	189733b?	

McCullough+	2014		



Challenges	

•  CollecVng	enough	photons	
•  Aperture	(slit)	losses	
•  PoinVng	variaVons	+	inter-	and	intra-pixel	sensiVvity	
variaVons	

•  Detector	persistence	
•  Telluric	transparency	variaVons	and	contaminaVon	

•  Limb	darkening	

•  Stellar	acVvity	
•  Mystery	effects	



Gemini	+	GMOS	
	
Stevenson+	2014a	



HST	+	WFC3	

Stevenson+	2014b	



MIRI	

5	μm	

The	potenVal	of	JWST	for	
transit	spectroscopy	





MIRI	

5	μm	



MIRI	

5	μm	

Transmission	spectroscopy	



MIRI	

5	μm	

Transmission	spectroscopy	
Full	orbit	phase	curve	(with	two	secondary	eclipses)	



MIRI	

5	μm	

Transmission	spectroscopy	
Full	orbit	phase	curve	(with	two	secondary	eclipses)	
Secondary	eclipse	of	a	bright	star	



hhp://exoctk.readthedocs.io/en/latest/	


